Introduction
============

Lung cancer is one of the most prevalent types of cancer worldwide with complex multiple genetic alterations ([@b1-mmr-19-04-3087],[@b2-mmr-19-04-3087]). The major obstacles to successful treatment of this carcinoma are recurrence and metastasis, which constitute a heavy medical burden and has become a serious human health challenge ([@b3-mmr-19-04-3087]). Although several therapeutic strategies like targeted molecular therapy and immunotherapy for lung cancer have been developed in the past decades, the prognosis and survival rate for lung cancer patients are far from satisfactory ([@b4-mmr-19-04-3087],[@b5-mmr-19-04-3087]). Therefore, it\'s urgent to investigate novel effective targets for the treatment of lung cancer.

Epithelial-mesenchymal transitions (EMT) are essential for carcinoma progression including initiation of metastasis ([@b6-mmr-19-04-3087],[@b7-mmr-19-04-3087]). Therefore, investigation of EMT-associated signaling pathways is the focus of tumor metastasis research.

The progression of tumor metastasis is a complicated and multi-step process initiated by epithelial-to mesenchymal transition. In general, EMT is a pathophysiological process in which epithelial cells are transformed into a mesenchymal phenotypic cells through a series of gene expression regulatory actions ([@b8-mmr-19-04-3087]). Numerous signaling pathways have been implicated in this process, including phosphatidyl 3 ionositol kinase/protein kinase B, transforming growth factor-β, RAS and Wnt ([@b9-mmr-19-04-3087],[@b10-mmr-19-04-3087]). In addition, several important downstream transcription factor targets have been identified, including Slug, mothers against decapentaplegic homolog (Smad), Twist and Snail ([@b11-mmr-19-04-3087],[@b12-mmr-19-04-3087]), all of which have been reported to serve crucial roles in tumor invasion and metastasis.

Snail1, known as a negative regulatory zinc finger transcription factor, serves a key role in EMT during tumor progression by repressing extracellular junction components like epithelial (E)-cadherin ([@b13-mmr-19-04-3087],[@b14-mmr-19-04-3087]). Commonly, Snail1 is thought to be activated by multiple factors and subsequently forms transcriptional repression complex with Smad3/4 ([@b15-mmr-19-04-3087]). Based on this, the Snail1/Smad3/4 transcriptional complex is involved in the present study.

Protein arginine deiminase, type 4 (PADI4) is a calcium dependent enzyme which is known for its role in converting arginine to citrulline residues ([@b16-mmr-19-04-3087]). Among its multitudinous downstream target proteins, the nuclear histone proteins are the best-described substrates to date. It has been reported that PADI4 is involved in the process of tumor development including proliferation, apoptosis and EMT ([@b17-mmr-19-04-3087]--[@b19-mmr-19-04-3087]). However, the biological function of PADI4 in lung cancer progression, particularly in the aspect of posttranslational modification of transcription factor, is poorly understood. Therefore, sufficient knowledge of this histone modification enzyme may help to uncover the potential molecular mechanisms of lung tumor metastasis.

The documented involvement of transcription factors or enzymes in EMT prompted the present study to investigate whether PADI4 is involved in the signal pathway regulation network. In the present study, PADI4 was first identified, to the best of our knowledge, to serve crucial roles in the invasion and migration process of lung cancer cells. Evidence was provided that knockdown of PADI4 causes a dramatic decrease in lung cancer cell invasion and migration, which may be attributed to the interactions between PADI4 and EMT-associated transcription factors and enzymes. Collectively, the results of the present study demonstrate that PADI4 is necessary for maintaining a mesenchymal phenotype for lung cancer, which may become a novel target for the treatment of lung cancer in the future.

Materials and methods
=====================

### Tissue samples

A total of 56 lung carcinoma tissues samples and their paired non-tumorigenic tissues samples were obtained between July 2016 to March 2017 from patients in the Harbin Medical University Cancer Hospital, (Harbin, China). They were 38 males and 18 females with an average age of 49 years. All these lung cancer patients were treatment-naive prior to surgery and this study was approved by the ethical committee of the Harbin Medical University Cancer Hospital and written informed consent was obtained from every recruited patient.

### Cell culture

Lung cancer cell lines A549, H1299 and normal lung epithelial cell line BEAS-2B were purchased from the Chinese Academy of Medical Sciences Cell Bank (Beijing, China). Cells were cultured in 1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 12% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) at 37°C in a humidified atmosphere containing 5% CO~2~.

### Cell transfection

The A549 cells were cultured in a 6-well plate at the appropriate cell density (\~50%) for transfection. Knockdown of PADI4 was achieved by transfecting A549 cells with a short hairpin (sh)RNA-PADI4 (pSUPER-PADI4-shRNA, 5′-CAGGAGGTGTACGCGTGCAGTATTT-3′) plasmid (1 µg/well) by Lipofectamine^®^ 2000(11668027; Invitrogen; Thermo Fisher Scientific, Inc.), which was purchased from Shanghai GenePharma Co., Ltd., (Shanghai, China), while a plasmid with a scramble sequence (5′-TTCTCCGAACGTGTCACGT-3′) served as the negative control. After 24 h, the transfected cells were further processed for the following experiments.

### Wound-healing assay

Briefly, 1×10^5^ BEAS-2B, H1299 and A549 cells in different groups were seeded in multi-well plates and cultured until confluent. The monolayers were then scraped off with a sterile pipette tip to create a gap. An image of cell migration was recorded at 0 and 24 h using a light microscope (Nikon Corporation, Tokyo Japan).

### Transwell assay

To detect the invasive ability of lung cancer cells, Transwell plate chambers (8 µM pore size) coated with Matrigel (BD Biosciences; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) were used. First, BEAS-2B, H1299 and A549 cells (1×10^4^) were seeded in the upper chamber with serum-free medium, while complete medium (1640 medium with 15% FBS) was added to the bottom wells of the chambers. All Transwell chambers were incubated at 37°C and 5% CO~2~ in culture medium. Following 24 h, the cells that had not migrated to the other side of the membrane were removed from the upper face of the filters, while the remaining cells were fixed with 95% ethanol for 15 min at room temperature and washed in tap water. Crystal violet solution (4 g/l) was added to each chamber for 10 min at room temperature; after which the chambers were washed again in tap water. Cells were then counted in five randomly chosen visual fields (magnification, ×200) using a light microscope (Nikon Corporation) and the average value was calculated.

### RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from BEAS-2B, H1299 and A549 cell lines using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. cDNA was synthesized from total RNA (1,000 ng) using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) using the temperature protocol of 25°C for 10 min, 37°C for 120 min and 85°C for 5min. qPCR was performed using the SYBR Master Mix (Roche Diagnostics, Basel, Switzerland). All the primers were designed and synthesized by the Sangon Biotech Co., Ltd., (Shanghai, China). The primer sequences were as follows: PADI4 forward: 5′-CACAGCTCTGGTTGGCTTCA-3′, reverse: 5′-CTGCACGTCCTTCAGCATCA-3′; GAPDH forward: 5′-CGGAGTCAACGGATTTGGTCGTAT-3′, reverse: 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′. The assays were performed on the 7500 Fast Real-Time PCR System (Applied Biosystem; Thermo Fisher Scientific, Inc.). The quantitative RT-PCR thermal cycling conditions included one cycle for 60 sec at 95°C and 40 cycles of 15 sec at 95°C, 15 sec at 60°C and 45 sec at 72°C. The results were calculated using the ΔΔ quantification cycle (Cq) method ([@b20-mmr-19-04-3087]) and then normalized to the endogenous reference control gene GAPDH.

### Western blot assay

Briefly, total protein was extracted from lung cancer cells and normal lung epithelial cells, lung cancer tissues and paracancerous tissues. For detecting the transcription factors, nuclear protein was extracted using a Nuclear protein extraction kit (cat. no. R0050; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Protein samples (50 µg) were loaded and separated by 10% SDS-PAGE and then transferred to a 0.45 µm polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA; IPVH00010). The membranes were incubated with corresponding primary antibodies at 4°C overnight: PADI4 (cat. no. ab128086; 1:1,000; Abcam, Cambridge, UK), epithelial (E)-Cadherin (cat. no. 14472; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), neural (N)-Cadherin (cat. no. 13116; 1:1,000; Cell Signaling Technology, Inc.), Vimentin (cat. no. 5741; 1:1,000; Cell Signaling Technology, Inc.), Smad3 (cat. no. 9523; 1:1,000; Cell Signaling Technology, Inc.), Smad4 (cat. no. 46535; 1:1,000; Cell Signaling Technology, Inc.), Snail 1 (cat. no. 14-9859-82; 1:1,000; eBioscience; Thermo Fisher Scientific, Inc.), β-actin (cat. no. 3700; 1:1,000; Cell Signaling Technology, Inc.) and Histone H3 (cat. no. 4499; 1:1,000; Cell Signaling Technology, Inc.). After that, the membranes were washed with PBS-Tween-20 (0.05%) three times and subsequently incubated with secondary antibodies (cat. no. A32730 and cat. no. A32732, 1:2,000; Alexa Fluor; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Finally, the bands were detected by an Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and quantified with the Odyssey v1.2 software (LI-COR Biosciences, Lincoln, NE, USA) by measuring intensity. For protein normalization, β-actin was used as the internal control.

### Immunohistochemistry

Immunohistochemistry was performed to determine the expression level of PADI4 in lung cancer and corresponding paracancerous tissues. Briefly, consecutive 0.4 µm sections were cut from each paraffin-embedded tissue and the slides were incubated overnight at 4°C with the PADI4 antibody (cat. no. ab128086; 1:1,000; Abcam, Cambridge, UK). After washing with PBS, the slides were incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Beyotime Institute of Biotechnology, Shanghai, China; cat. no. A0216, 1:500) for 30 min at 37°C. Afterwards, immunocomplexes were detected using the DAB Horseradish Peroxidase Color Development kit (Beyotime Institute of Biotechnology, cat. no. P0203). The slides were then counterstained with hematoxylin for 10 min at room temperature and mounted for examination under the light microscope (Olympus Corporation, Tokyo, Japan).

### Statistical analysis

In each experiment, all determinations were performed at least in triplicate. All of the experimental data, which were analyzed with the Graphpad Prism v6.0 software (GraphPad Software, Inc., La Jolla, CA, USA), are represented as the mean ± standard error of the mean. One-way analysis of variance followed by Bonferroni\'s multiple comparison test was used to compare the differences between multiple groups. The Student\'s two-tailed t-test was used to determine the difference between two groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### PADI4 is upregulated in lung cancer tissues

To determine the possible clinical relevance of PADI4 in lung cancer, an immunohistochemistry assay and western blot analysis were performed. As presented in [Fig. 1A](#f1-mmr-19-04-3087){ref-type="fig"}, the expression of PADI4 in lung cancer samples was increased compared with in their corresponding normal tissues, which was further confirmed by the results of western blotting in [Fig. 1B](#f1-mmr-19-04-3087){ref-type="fig"} which demonstrated that the change was significant (P\<0.05).

### The migration and invasion ability of lung cancer cells and normal lung epithelial cells

In the present study, the wound-healing assay and Transwell assay was first performed to determine and compare the migration and invasion ability of two lung cancer cell lines (H1299 and A549) and one normal lung epithelial cell line BEAS-2B. The results in [Fig. 2A and B](#f2-mmr-19-04-3087){ref-type="fig"} demonstrated that the ability of lung cancer cell lines (H1299 and A549) to migrate and invade is significantly increased compared with the normal lung epithelial cell line BEAS-2B (P\<0.05), while an even more pronounced potential was observed in A549 cells compared with H1299 cells.

### The expression of PADI4 in vitro and knockdown of PADI4 in A549 cells

To investigate whether histone modification enzyme PADI4 is involved in the process of migration and invasion, the expression level of PADI4 in H1299, A549 and BEAS-2B cell lines was analyzed. It was observed that the mRNA and protein expression levels of PADI4 were significantly elevated in the H1299 and A549 lung cancer cell lines, compared with that in BEAS-2B normal lung epithelial cell line (P\<0.05; [Fig. 3A and B](#f3-mmr-19-04-3087){ref-type="fig"}). Since the PADI4 protein level exhibited a greater increase in A549 cells than that in H1299 cells, A549 cells were chosen for the following molecular mechanism investigation.

Using plasmids carrying shRNA (pSUPER-PADI4-shRNA) targeting PADI4, the expression of PADI4 in A549 cells was knocked down. The knockdown efficiency was confirmed by the RT-qPCR and western blot assay, as presented in [Fig. 3C and D](#f3-mmr-19-04-3087){ref-type="fig"}.

### Knockdown of PADI4 decreases the migratory and invasive potential of A549 cells

To verify whether the knockdown of PADI4 could induce phenotypic alterations in A549 cells, wound-healing assay and Transwell assay were conducted to detect the motility and invasiveness of A549 cells. The data suggested that knockdown of PADI4 significantly attenuated the migratory phenotype of A549 cells in the wound-healing assay. Similarly, the results of the Transwell assay demonstrated that the invasive ability of shPADI4 A549 was significantly reduced compared with the control group (P\<0.05; [Fig. 4A and B](#f4-mmr-19-04-3087){ref-type="fig"}). The above results indicated that PADI4 served a beneficial role in the cell motility and invasiveness phenotypic type, but the underlying mechanisms need to be further investigated.

### PADI4 is involved in the EMT-associated signaling pathway

EMT entails profound epigenetic and phenotypic modifications to a cell. Previous studies have reported that epithelial cells express high levels of E-cadherin, whereas mesenchymal cells express high levels of N-cadherin and vimentin ([@b21-mmr-19-04-3087]--[@b23-mmr-19-04-3087]). Therefore, detecting the expression level of E-cadherin, N-cadherin and vimentin has become a prevalent strategy for the verification of EMT in cells. [Fig. 5A and B](#f5-mmr-19-04-3087){ref-type="fig"} demonstrated that the epithelial markers E-cadherin was significantly increased in shPADI4 A549 cells, while the mesenchymal markers N-cadherin and vimentin were significantly decreased (P\<0.05). These data fit well with the authors\' hypothesis that PADI4 was involved in the EMT-associated phenotypic alterations.

Additionally, to determine the involvement of EMT-associated transcription factors in the PADI4-mediated alterations in tumor characteristics, the expression of the Snail1/Smad3/4 transcriptional complex was also analyzed in the A549 lung cancer cells. Consistent with the prominent alterations in EMT-associated marker proteins, the expression levels of Snail1/Smad3/4 were significantly reduced in shPADI4 A549 cells, compared with the cells in the control group (P\<0.05; [Fig. 5C and D](#f5-mmr-19-04-3087){ref-type="fig"}). This evidence demonstrated that PADI4 exerted crucial roles in the process of EMT, which partially controlled the EMT-associated transcription factors and subsequently transforming the cell epigenetic, and phenotypic types.

Discussion
==========

Previous studies have pointed to PADI4 as a novel candidate molecule to be incorporated into the epigenetic and phenotypic alterations in a variety of carcinomas ([@b24-mmr-19-04-3087]--[@b26-mmr-19-04-3087]). However, the role of PADI4 and the downstream signaling pathway involved in cancer progression have not been investigated in lung cancer to date. In the present study evidence was provided that histone modification enzyme PADI4 and its potential downstream targets, may be key modulatory factors in lung cancer metastasis. The migratory and invasive phenotypes of lung cancer cells may be attributed to the increased expression level of PADI4.

To further evaluate the role of PADI4 in lung cancer progression, experimental cell models were generated with stable knockdown of PADI4 in A549 lung cancer cell line. Interestingly, the present data demonstrated that the stable knockdown of PADI4 led to phenotypic alteration defined as EMT. Consistent with A549 cells undergoing EMT, the present study\'s results also demonstrate that knockdown of PADI4 attenuated the migratory and invasive potential in A549 lung cancer cells, which were demonstrated by the wound-healing assay and Transwell assay. These data fit well with a previous study demonstrating that PADI4 may be a valid cancer susceptibility gene that accounted for gastric cancer invasion ([@b26-mmr-19-04-3087]).

Additionally, in order to identify potential target substrates of PADI4 that may account for the induction of EMT in A549 cells, the expression levels of EMT-associated transcription factors and identified Snail1/Smad3/4 as potential targets of PADI4 were measured. Since previous studies have confirmed that Snail1/Smad3/4 transcriptional complex is a potent promoter of EMT ([@b15-mmr-19-04-3087],[@b19-mmr-19-04-3087]), it is necessary to clarify the association between the expression level of Snail1/Smad3/4 and PADI4. The results of the present study indicated that knockdown of PADI4 significantly reduced the expression levels of Snail1/Smad3/4, which further confirmed the strong correlation between PADI4 and EMT transcription factors. However, how PADI4 affects the expression of EMT-associated transcription factors requires further experimental verification.

In addition, it is worth noting that Stadler *et al* ([@b18-mmr-19-04-3087]) have demonstrated that PADI4 serves a critical role in maintaining an epithelial phenotype in breast cancer, which is contrary to the present study. However, according to previous literature searches, the same gene may serve different roles in different types of cancer ([@b27-mmr-19-04-3087],[@b28-mmr-19-04-3087]). A previous study has also demonstrated that PADI4 is highly expressed in various malignancies ([@b29-mmr-19-04-3087]), which suggests that PADI4 is a cancer-promoting gene in certain tumors. In addition, the data from Oncomine database (<https://www.oncomine.org/resource/login.html>) also provided evidence that the expression of PADI4 varies widely in different tumors (data not shown).

However, there are certain limitations in the present study. On one hand, it\'s unknown how PADI4 regulates its downstream target in lung cancer. On the other hand, it\'s not clear whether there are other important molecules or enzymes including GSK3β involved in PADI4-mediated phenotypic changes in lung cancer, which needed to be developed in the future. In conclusion, in the present study it has been demonstrated that PADI4 was overexpressed in lung cancer tissues and lung cancer cell lines (A549 and H1299), which closely associated with EMT and cell migration and invasion phenotypes, suggesting PADI4 may serve as a biomarker for evaluating the efficacy of therapy and prognosis of lung cancer in clinical practice. However, other molecules or enzymes may also be involved in the PADI4-mediated EMT phenotypic changes and future studies should be aimed at addressing the direct or indirect regulatory association between PADI4 and EMT-related transcription factors.
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![The expression level of PADI4 in lung cancer tissues and paired non-tumoral tissues. (A) The expression of PADI4 was detected by immunohistochemistry in lung cancer tissues and paired non-tumoral tissues. (B) The expression of PADI4 was detected by western blotting in lung cancer tissues and paired non-tumoral tissues and the statistical analysis is presented. \*P\<0.05 and \*\*P\<0.01 vs. Normal by two-tailed Student\'s t-test, n=3. PADI4, protein-arginine deiminase type-4.](MMR-19-04-3087-g00){#f1-mmr-19-04-3087}

![The migration and invasion features of lung cancer cells and normal lung epithelial cells. (A) The migration ability of H1299 and A549 cells, and BEAS-2B cells determined by wound-healing assay (magnification, ×200) and the statistical results are presented. (B) The invasion ability of H1299, A549 and BEAS-2B cells determined by Transwell assay (magnification, ×400) and the statistical analysis is presented. Differences between groups were analyzed by one-way analysis of variance, followed by Bonferroni\'s multiple comparison test. \*P\<0.05 or \*\*P\<0.01 vs. BEAS-2B; ^\#^P\<0.05 vs. H1299, n=3.](MMR-19-04-3087-g01){#f2-mmr-19-04-3087}

![The expression levels of PADI4 *in vitro* and knockdown of PADI4 in A549 cells. (A) The statistical analysis represents the mRNA expression level of PADI4 in different lung cancer cells and normal lung epithelial cells. (B) The representative bands of western blotting and the statistical analysis. Differences among groups were analyzed by one-way ANOVA, followed by Bonferroni\'s multiple comparison test. \*P\<0.05 or \*\*P\<0.01 vs. BEAS-2B, ^\#^P\<0.05 vs. H1299, n=3. (C) The efficiency of PADI4 knockdown by shRNA was confirmed by reverse transcription-quantitative polymerase chain reaction. (D) The efficiency of PADI4 knockdown by shRNA was confirmed by western blotting. Differences among groups were analyzed by one-way ANOVA, followed by Bonferroni\'s multiple comparison test. \*\*P\<0.01 vs. Ctrl, n=3. Ctrl, control; NC, negative control; sh, short hairpin; PADI4, protein-arginine deiminase type-4; ANOVA, analysis of variance.](MMR-19-04-3087-g02){#f3-mmr-19-04-3087}

![Knockdown of PADI4 inhibits the migration and invasion ability of A549 cell. (A) The migration potential of A549 cells and shPADI4 A549 cells determined by wound-healing assay (magnification, ×200) and the statistical results are presented. (B) The invasion potential of A549 cells and shPADI4 A549 cells assessed by Transwell assay (magnification, ×400) and the statistical chart. Differences among groups were analyzed by one-way analysis of variance, followed by Bonferroni\'s multiple comparison test. \*P\<0.05 vs. Ctrl, n=3. sh, short hairpin; PADI4, protein-arginine deiminase type-4; Ctrl, control; NC, negative control.](MMR-19-04-3087-g03){#f4-mmr-19-04-3087}

![PADI4 was involved in the process of EMT. (A) Knockdown of PADI4 increased the expression of epithelial makers (E-cadherin) and reduced the expression of mesenchymal markers (N-cadherin and vimentin). (B) The statistical chart represents the relative protein expression levels. (C) Knockdown of PADI4 reduced the EMT-associated Snail1/Smad3/4 transcriptional factors compared with the control group. (D) The statistical analysis represents the relative protein expression levels. Differences among groups were analyzed by one-way analysis of variance, followed by Bonferroni\'s multiple comparison test. \*P\<0.05 or \*\*P\<0.01 vs. control, n=3. N, neural; E, epithelial; EMT, epithelial-mesenchymal transition; PADI4, protein-arginine deiminase type-4; Smad, mothers against decapentaplegic homolog; Ctrl, control; NC, negative control.](MMR-19-04-3087-g04){#f5-mmr-19-04-3087}
